We compare AATS retrievals of spectral aerosol optical depth (AOD) and related aerosol properties with corresponding spatially coincident and temporally near-coincident measurements acquired by the MODIS-Aqua and MODIS-Terra satellite sensors. These comparisons are carried out for the older MODIS Collection 4 (C4) and the new Collection 5 (C5) data set, the latter representing a reprocessing of the entire MODIS data set completed during 2006 with updated calibration and aerosol retrieval algorithm. Our analysis yields a direct, validated assessment of the differences between select MODIS C4 and C5 aerosol retrievals. Our analyses of 37 coincident observations by AATS and MODISTerra and 18 coincident observations between AATS and MODIS-Aqua indicate notable differences between MODIS C4 and C5 and between the two sensors. For MODIS-Terra, we find an average increase in AOD of 0.02 at 553 nm and 0.01 or less at the shortwave infrared (SWIR) wavelengths. The change from C4 to C5 results in less good agreement with the AATS derived spectral AOD, with average differences at 553 nm increasing from 0.03 to 0.05. For MODISAqua, we find an average increase in AOD of 0.008 at 553 nm, but an increase of nearly 0.02 at the SWIR wavelengths. The change from C4 to C5 results in slightly less good agreement to the AATS derived visible AOD, with average differences at 553 nm increasing from 0.03 to 0.04. However, at
SWIR wavelengths, the changes from C4 to C5 result in improved agreement between MODIS-Aqua and AATS, with the average differences at 2119 nm decreasing from −0.02 to −0.003. Comparing the Angstrom exponents calculated from AOD at 553nm and 855nm, we find an increased rms difference from AATS derived Angstrom exponents in going from C4 to C5 for MODIS-Terra, and a decrease in rms difference, hence an improvement, for the transition from C4 to C5 in MODIS-Aqua. Combining the AATS retrievals with in situ measurements of size-dependent aerosol extinction, we derive a suborbital measure of the aerosol submicron fraction (SMF) of AOD and compare it to MODIS retrievals of aerosol fine mode fraction (FMF). Our analysis shows a significant rms-difference between the MODIS-Terra FMF and suborbitally-derived SMF of 0.17 for both C4 and C5. For MODIS-Aqua, there is a slight improvement in the transition from C4 to C5, with the rms-difference from AATS dropping from 0.23 to 0.16. The differences in MODIS C4 and C5 AOD in this limited data set can be traced to changes in the reflectances input to the aerosol retrievals. An extension of the C4-C5 comparisons from the area along the J31 flight track to a larger study region between 18-23 • N and 93-100 • W on each of the J31 flight days supports the finding of significant differences between MODIS C4 and C5.
1989; Rosenfeld, 1999) involve the modification of cloud properties. The uncertainty in estimates of these aerosol forcings depends crucially on the uncertainty of measured and modeled aerosol properties (Schwartz, 2004; McComiskey et al., 2008) . The most basic aerosol property that is used to parameterize the direct aerosol radiative forcing of climate is the aerosol optical depth (AOD), defined as the vertical integral of aerosol extinction. Recent studies conducted as part of NASA's Global Aerosol Climatology Project reveal that the most likely trend in the period of 1991 to 2005 is a decrease in tropospheric AOD of 0.03 (Mishchenko et al., 2007) . There is a need to quantify aerosol trends with small enough uncertainty to allow their inclusion in global climate models to evaluate the combined effects of greenhouse-gas induced warming and aerosol-induced cooling or warming of climate. Therefore, it is mandatory to continuously assess the uncertainty of satellite AOD retrievals, especially during major reprocessing of well established satellite data sets.
In this paper, we analyze a set of MODIS aerosol retrievals acquired over the Gulf of Mexico during MILAGRO/INTEX-B (Megacity Initiative-Local And Global Research Observations/Phase B of the Intercontinental Chemical Transport Experiment) in March 2006 (Molina et al., 2009 ). We track changes in aerosol properties during the transition from the MODIS Collection 4 (C4) to the Collection 5 (C5) data sets (http: //modis-atmos.gsfc.nasa.gov/products C005update.html) and quantitatively compare the MODIS retrievals to measurements made by the 14-channel Ames Airborne Tracking Sunphotometer (AATS), which was operated on a Jetstream 31 (J31) aircraft based in Veracruz, Mexico. AATS measured AOD at 13 wavelengths (354-2139 nm) and columnar water vapor (CWV) in 13 flights that sampled clean and polluted airmasses over the Gulf of Mexico and Mexico City. J31 flights were coordinated with overflights of several satellites, including Aqua, Aura, Terra, and Parasol. A companion paper to this study (Livingston et al., 2009 ) compares AATS measurements to aerosol retrievals from several algorithms applied to observations by the OMI instrument aboard the Aqua satellite.
The first objective of this paper is to compare AATS retrievals of spectral AOD over dark ocean waters with corresponding AOD values retrieved from spatially coincident and temporally near-coincident (±30 min of satellite overpass) measurements acquired by MODIS-Aqua and MODISTerra, both for Collection 4 and Collection 5. In this process, we compare C4 to C5, and each Collection directly to AATS measurements to assess which Collection showed quantitatively better agreement with AATS. The second objective is to compare MODIS retrievals of aerosol fine mode fraction (FMF), an indicator of the anthropogenic fraction of aerosols, to the sub-micron fraction of aerosol scattering, which can be calculated using a combination of in situ measurements of size-segregated aerosol extinction, and AATSderived Angstrom exponents (see Sect. 3.2 for more details).
Measurements

AATS measurements of spectral aerosol optical depth
The AATS instrument has been described in detail in several previous publications (e.g., Russell et al., 2005 Russell et al., , 2007 Livingston et al., 2007 ; and references therein), so we provide only a brief synopsis here. The instrument measures the atmospheric transmission of the direct solar beam in 14 spectral channels with center wavelengths, λ, ranging from 354 to 2139 nm and bandwidths of ∼5 nm (exceptions are 2.0 nm for the 354-nm channel and 17.3 nm for the 2139-nm channel). Azimuth and elevation motors rotate a tracking head to lock on to the solar beam and maintain detectors normal to it. During MILAGRO/INTEX-B, AATS was mounted on the J31 in the same configuration as used during the 2004 INTEX-A/Intercontinental Transport and Chemical Transformation (ITCT) field deployment. The AATS channel wavelengths have been chosen to permit separation of aerosol, water vapor, and ozone transmission along the AATS-to-Sun slant path. Our methods for data acquisition, reduction, calibration, and error analysis have been documented in the literature (Russell et al., 1993a (Russell et al., , 1993b Schmid and Wehrli, 1995; Schmid et al., 1996 Schmid et al., , 2001 Schmid et al., , 2003 Livingston et al., 2005 Livingston et al., , 2007 and are briefly summarized here. Spectral AOD is calculated from detector voltages measured in 13 channels, with the channels centered at 940 nm and neighboring wavelengths used for calculation of CWV. Calculation of AOD(λ), where λ is the AATS channel center wavelength, and CWV requires knowledge of exoatmospheric detector voltages, V 0 (λ). These were calculated from analysis of sunrise measurements acquired at Mauna Loa Observatory (MLO), Hawaii, before (January 2006) and after (May 2006) the MILAGRO deployment and, following the procedure described in Schmid et al. (2003) , by analysis of high altitude clear air AOD spectra obtained during the deployment. Specifically, the V 0 values were derived using the Langley plot technique (e.g., Russell et al., 1993a Russell et al., , 1993b Schmid and Wehrli, 1995) for all channels except 940 nm, for which a modified Langley technique (Reagan et al., 1995; Michalsky et al., 1995; Schmid et al., 1996 Schmid et al., , 2001 ) was employed to account for water vapor absorption. Analysis of the high altitude AOD spectra involved calculating the best-fit second order polynomial of log(AOD(λ)) vs. log(λ) to ensure positive values of AOD(λ) and a "smooth" variation with wavelength. The residuals between the AOD(λ) calculated from the best fit polynomial and the AOD(λ) calculated from the MLO V 0 values were then used to calculate small correction factors to be applied to the MLO V 0 values. In fact, the mean V 0 values derived from the pre-and post-campaign MLO data sets agreed to better than 0.5% in 10 of the 13 AOD channels, with differences of 0.86% and 0.76% for the 380-nm and 1558-nm channels, respectively, and a difference of 2.58% for the 778-nm channel. Because of the good agreement between the two MLO data sets for most channels, we decided to apply the results of the high altitude AOD spectral fits to the pre-MILAGRO (January 2006 MLO) values of V 0 and use these adjusted values in the analysis of the MILAGRO data. The statistical component of the uncertainty in V 0 was set equal to 50% of the mean difference between the January and May MLO results.
MODIS retrievals of aerosol optical depth
The MODIS over-ocean algorithm for the retrieval of AOD has been described in detail in Remer et al. (2005) . This algorithm aggregates reflectances from the six channels between 553 and 2119 nm into the nominal 10 by 10 km 2 retrieval grid boxes each composed of 20 by 20 pixels at 500 m resolution. The algorithm uses the difference in spatial variability of aerosols and clouds to identify the cloud-free pixels that are suitable for subsequent inclusion in the aerosol retrieval (Martins et al., 2002) . Specifically, the standard deviation of 553-nm reflectances of a square set of 3 by 3 500-m pixels is compared to a threshold value of 0.0025. By default, all pixels are set to "cloudy". If the standard deviation of the reflectances in the nine 500-m pixels is smaller than the threshold value, the center pixel is declared "not cloudy" and the set of 3×3 pixels is moved in such a way that a pixel neighboring the previous center pixel becomes the new center pixel. The result is a cloud mask at an effective resolution of 500 m. This test separates aerosol from most cloud types, but may fail for large, thick clouds and for cirrus, which can be spatially homogeneous. The fraction of "cloudy" 500 by 500 m 2 pixels within the 10 by 10 km 2 pixel is archived in the level-2 data file for each large pixel for which an AOD is retrieved. It may also erroneously identify inhomogeneous aerosol fields as clouds. After the application of various cloud masks and a residual underwater sediment mask (Li et al., 2003) , the brightest 25% and darkest 25% (at 855 nm) of the remaining pixels are discarded, in principle to remove any other surface inhomogeneities and cloud contamination. The reflectances in the remaining pixels are averaged and compared to a look-up table consisting of simulated reflectances for four fine and five coarse mode aerosol types, for various viewing geometries and aerosol loadings . All combinations of fine and coarse mode pairs that fit the measured reflectances to within 3% (or the best three combinations if no solution fits the reflectances to within 3%) are averaged to yield the average combination of fine and coarse mode aerosol and the corresponding spectral AOD at 466, 553, 644, 855, 1243, 1632 and 2119 nm. During 2006, a complete reprocessing of all available MODIS data produced the MODIS Collection 5 (C5) data set. The main differences between the previous Collection 4 and the resulting Collection 5 are described at http://modis-atmos.gsfc.nasa.gov/C005 Changes/ C005 Aerosol 5.2.pdf. Major changes were made to the over-land aerosol algorithm and products. Over the ocean, only minor changes were implemented, specifically a small change in the refractive indices of 3 of the 5 coarse aerosol modes. Initial tests, using C4 input reflectance data, suggested that the refractive index changes would not significantly affect regional mean AOD. However, in addition to the changes within the C5 aerosol retrieval algorithm, there were also changes between C4 and C5 in the calibration of the MODIS bands that the aerosol algorithm uses as input for its retrievals.
MODIS retrievals of aerosol fine mode fraction and in situ measurements of the relationship between Angstrom exponent and aerosol submicron fraction of extinction
To derive an estimate of the anthropogenic portion of aerosol radiative forcing of climate an estimate of the anthropogenic contribution to the atmospheric aerosol burden is needed . MODIS provides an estimate of that contribution in the form of the aerosol fine-mode fraction (FMF) which is defined as the ratio of AOD from the fine-mode to the total (fine-mode plus coarse-mode) AOD at 553 nm, viz.:
The underlying assumption in the use of FMF as a measure of the anthropogenic fraction of total aerosol loading is that the AOD in the fine mode is due solely to combustiongenerated aerosol species, while the AOD in the coarse mode is due only to mechanically-generated, natural aerosols. We expect this assumption to be true of most aerosol contributing to extinction in the INTEX-B/MILAGRO domain with the exception of rarely encountered volcanic sources and some clean air regions that tend to have very low relative contributions to AOD. Testing the retrievals of MODIS FMF is complicated by at least two factors. First, there are only a few methods to evaluate the MODIS FMF. One such method is the use of AERONET observations, either from the inversion of sky-radiance measurements or from the spectral deconvolution method (O'Neill et al., 2003) , although neither method has itself been compared to in situ measurements. Another method introduced by Anderson et al. (2005) uses in situ observations of the sub-micron fraction (SMFE) of aerosol extinction, i.e., the fraction of extinction that is due to particles of aerodynamic diameters less than one micrometer, in vertical aircraft profiles. These in situ measurements can be used to derive a functional relationship between the extinction Angstrom exponent and SMFE which is subsequently applied to sunphotometerderived Angstrom exponents to derive full column measures of the aerosol sub-micron fraction of AOD, SMF: A significant complication in testing FMF with SMF stems from the overlap in the particle size ranges of the MODIS fine and coarse mode lognormal models, which means that suborbital measurements of size-segregated aerosol extinction cannot unambiguously determine whether particles above or below a certain size cut-off contributed to the extinction of the fine or coarse mode aerosol (Anderson et al., 2005) . In fact, the difference in definition between FMF and SMF alone may result in differences of 0.1 or more for a given Angstrom exponent as pointed out by Anderson et al. (2005) .
Because the J31 aircraft that carried AATS-14 in INTEX-B/MILAGRO was not equipped with in situ instrumentation, we use the approach devised by Anderson et al. (2005) to derive a suborbital measure of SMF. This approach requires a functional relationship between SMFE and the aerosol Angstrom exponent, defined for aerosol extinction as:
We then apply this functional relationship to the Angstrom exponent calculated from AATS-14 AOD measurements, thereby deriving SMF for all AATS-14 full column AOD observations.
The in situ measurements used here to determine the relationship between α and SMFE were taken with nephelometers and particle soot absorption photometers (PSAP) aboard the NASA DC-8 research aircraft during INTEX-B/MILAGRO. For details see Sect. 3.2 of McNaughton et al. (2009) . Briefly, the light scattering by dried aerosols was measured at 450, 550 and 700 nm with 2 TSI 3563 nephelometers, one of them with an impactor in line to accept particles smaller than 1 µm in aerodynamic diameter only. Likewise, the light absorption at 470, 530 and 660 nm was measured with 2 PSAPs, one of them behind the impactor. Two other nephelometers manufactured by Radiance Research were operated, one at relative humidty (RH) below 40% and the other near 80%, to measure the response of light scattering to humidity changes. A two-point fit to these so-called f(RH) measurements, once applied to an input of the dry scattering coefficient and the ambient RH, provided our best estimate of light scattering under the ambient conditions. The humidified scattering results for both submicron and all particles were added to the absorption coefficients of the respective size ranges to yield the extinction coefficients. Their ratio is the SMFE. The wavelength dependence of the total extinction coefficient, obtained from a quadratic leastsquare fit of log(extinction) versus log(λ), is the Angstrom exponent as defined in Eq. (3).
Results
Spectral AOD comparisons
All suborbital measurements considered in this paper for the validation of MODIS aerosol retrievals were taken within ±30 min of satellite overpass time at aircraft altitudes below 80 m (usually at altitudes of 30-40 m). As an example, Fig. 1 shows the J31 flight track on 10 March 2006, overlain onto a MODIS 553nm AOD retrieval map. The AOD retrievals are themselves overlain on top of an RGB image produced from radiances measured in MODIS bands 1, 3 and 4. In this section, we present comparisons between MODIS and AATS aerosol measurements for a total of 37 coincident observations with MODIS-Terra on 5, 10 and 12 March 2006 and a total of 18 coincident observations with MODIS-Aqua on 10 and 17 March 2006. Within each of the 10×10 km 2 MODIS aerosol retrieval boxes, the AATS measurements of AOD were averaged to yield a spectrum, which was then fitted with a quadratic least-square fit of log(AOD) versus log(λ). From the AATS-fit, the AOD at the intermediate MODIS wavelengths of 466, 553, 644, 855, 1243, 1632 and 2119 nm was determined. Although some MODIS wavelengths are represented within the AATS-14 spectrum, the fit procedure above was used to minimize the impact of possible AATS-14 single-channel contamination, calibration uncertainties, and uncertainties stemming from gaseous absorption at the near-IR wavelengths. For the AATS-MODIS comparisons in this paper we only use MODIS aerosol retrievals for which the MODIS Aerosol Estimated Quality flag, also called Quality Confidence (QC) flag, indicated "successful" AOD retrievals with values of QC≥1. "Successful" in this context means that the AOD values are recommended for quantitative scientific use. Figure 2 shows scatter plots of MODIS-Terra (2a-d) and MODIS-Aqua (2e-h) versus AATS-derived AOD. Uncertainty range estimates of ±(0.03+0.05 AOD), i.e., the combination of an absolute error of 0.03 plus a relative error equal to 5% of the total MODIS-derived AOD are given as blue lines (Remer et al., , 2008 . The left hand plots show the comparisons between AATS and MODIS C4, while the right hand plots show comparisons between AATS and MODIS C5. The scatter plots are broken down into "visible" wavelengths (i.e., 466 nm, 553 nm, 644 nm and 855 nm, in panels 2a,b,e,f) and SWIR wavelengths (i.e., 1243 nm, 1632 nm and 2119 nm, in panels 2c,d,g,h). The transition from C4 to C5 results in larger rms differences between AATS and MODIS for MODIS-Terra, and only small changes in rms differences between AATS and MODIS for MODIS-Aqua. Columns 2 and 3 of Table 1 summarize the mean difference between AATS and C4, and AATS and C5, respectively, for each of the seven MODIS wavelengths. The comparison reveals that in the case of MODIS-Terra the transition from C4 to C5 results in differences from AATS that increase by up to 0.02 in the visible bands and by up to 0.01 in the SWIR bands. For MODIS-Aqua, the transition from C4 to C5 results in only small increases in the differences to AATS in the visible bands. In the SWIR bands, the differences from AATS generally decrease, indicating improved retrievals at these wavelengths. Figure 3 shows these results as difference plots as a function of the MODIS measured reflectances. These reflectances are the averages of the 500×500 m 2 pixels that remained after the cloud and sediment masks, as well as the pixel reduction were applied. In Fig. 3 , open squares denote the differences between MODIS and AATS-derived AOD for C5, while the solid circles show the difference between AATS and MODIS for C4. Figure 3 supports the general conclusion that with the exception of the MODIS-Aqua SWIR bands, the transition from C4 to C5 results in less good agreement between AATS and MODIS AOD retrievals. Figure 4 and column 5 of Table 1 provide a direct comparison between C4 and C5 for all MODIS AOD retrievals considered here. Figure 4a shows that for MODIS-Terra there is an increase in AOD of about 0.02 at all wavelengths up to 1243 nm, with slightly smaller absolute differences (albeit larger relative differences, see Fig. 4b ) in the 1632 and 2119 nm AOD. For MODIS-Aqua, there is only a small difference of about 0.005 between C4 and C5 in the AOD at 466 nm, but this difference increases to about 0.02 in the SWIR bands, resulting in better agreement with AATS at those wavelengths as noted above.
In looking for possible explanations of these findings, we now examine the mean reflectances that were used as input to the MODIS C4 and C5 AOD retrievals. Figure 5 shows that for MODIS-Terra the transition from C4 to C5 resulted in generally increased reflectances at 466 nm and 553 nm, and generally decreased reflectances in the SWIR bands. Column 4 of Table 1 confirms that the reflectances increased by up to 0.003 (2%) at 466 nm and decreased by up to 0.001 (17.6%) at 2119 nm. These changes correspond directly to the changes in AOD presented for MODIS-Terra in Fig. 4 . For MODIS-Aqua, Fig. 5c shows that the changes in reflectances between C4 and C5 are much smaller than the changes in MODIS-Terra. The average reflectance increase at 466 nm between C4 and C5 for MODIS-Aqua is less than 0.001. In all MODIS-Aqua channels, the relative change in reflectances between C4 and C5 is less than 1%. However, in Fig. 4 we noted a significant increase in MODIS-Aqua SWIR AOD of ∼0.02, which resulted in improved agreement with the AATS observations. We note that the MODIS aerosol retrievals are performed by simultaneously matching the measured spectral reflectances at 6 wavelengths to reflectances calculated from combinations of two aerosol modes (rather than matching the reflectances in all channels separately). Interestingly, the simultaneous increase in all reflectances of MODIS-Aqua between C4 and C5 resulted in the preferential increase in the AOD contributed by the coarse mode in the Aqua retrievals, and hence the preferential increase in SWIR AOD. This fact is also manifested in the decrease in FMF, i.e., the relative contribution of the fine mode AOD to the total AOD, between C4 and C5 shown in Fig. 7d , also discussed below. Investigating possible reasons for the differences in the input reflectances to the MODIS aerosol retrievals, we looked for differences in the cloud fractions as derived within the context of the aerosol retrievals for C4 and C5. While we found significant differences in the cloud fractions between C4 and C5, we found no correlation between the differences in cloud fractions and the differences in the input reflectances.
While the number of C4-C5 comparisons discussed so far is relatively small, their utility is obvious: they provide an opportunity for direct comparisons in the presence of a traceable validation instrument (AATS) over dark ocean water, arguably the easiest background for satellite aerosol retrievals. To increase our confidence in the C4-C5 comparison results summarized in Table 1 , we extended the comparisons to the entire region bounded by 18-23 • N and 93-100 • W (i.e., the area that is covered by the retrieval map in Fig. 1) on each of the five study days (three for Terra and two for Aqua) under the assumption that cross-validation with AATS in the entire area would result in the same results as it did in the limited number of case studies along the J31 flight track. In Table 2 , columns 2 and 3, we reproduced the results of Table 1, columns 4 and 5, for comparison to the results for the entire region, which covers a total of 2997 valid MOD04 L2 retrievals for the three MODIS-Terra days and 2155 valid MYD04 L2 retrievals for the two MODIS-Aqua days. Comparing columns 3 and 5 of Table 2 , we note that for MODISAqua, the AOD results for the small number of comparisons that were supported by AATS are virtually identical with the results for the larger study region. For MODIS-Terra, we find similar increases in mid-visible AOD in the transition from C4 to C5 for the larger study region as we did along the J31 flight track. However, for the larger study region, we find an even larger increase in Terra SWIR AOD than what we calculated along the J31 track. This finding could be due to the preferential measurements by the J31 in severely cloud-free regions and larger differences in the MODIS SWIR AOD between C4 and C5 in closer proximity to clouds. In general, our extension of the C4-C5 comparisons from the area along the J31 flight track to the larger study region supports the findings of significant differences between MODIS C4 and C5, with the differences resulting in worse agreement with AATS for MODIS-Terra and better agreement in SWIR AOD for MODIS-Aqua.
MODIS FMF versus suborbital SMF observations
Similar to the analysis by Anderson et al. (2005) , we attempt here to test the MODIS retrievals of aerosol fine mode fraction, FMF, using a combination of AATS measurements of the aerosol Angstrom exponent with in situ measurements of size-dependent aerosol extinction. As described in Sect. 2.3 our method requires two steps. First, we use size-resolved in situ observations of aerosol scattering and absorption to derive a functional relationship between the extinction Angstrom exponent and the sub-micron fraction of aerosol extinction, SMFE. Second, we apply this relationship to AOD Angstrom exponents to calculate the submicron fraction of AOD, SMF, under the assumption that vertical integration of SMFE yields SMF in the same manner that vertical integration of aerosol extinction yields AOD; this assumption was shown by Anderson et al. (2005) to be valid for all cases considered in their study. Using the INTEX-B in situ observations aboard the DC-8 in the Gulf of Mexico described in Sect. 2.3, we found the functional relationship shown as a solid red line in Fig. 6b between SMFE and the aerosol extinction Angstrom exponent, α:
We found further that one standard deviation of all SMFE/α pairs were bounded by the range given by MODIS-Terra (Fig. 7a ) and MODIS-Aqua (Fig. 7c) , respectively. In the case of MODIS-Terra, the rms-difference to the AATS retrievals increased between C4 and C5, while in the case of MODIS-Aqua, the rms-difference to the AATS results decreased, indicating again an improvement between C4 and C5 for MODIS-Aqua. Applying Eq. (4) to the full column AOD Angstrom exponents calculated from AATS-14 AOD spectra yields the SMF values plotted as ordinates in Fig. 7b and 7d for MODIS-Terra and MODIS-Aqua, respectively. In the case of MODIS-Terra, the rms-difference between MODIS FMF and suborbital SMF shows no significant change between C4 and C5. Similar to the Angstrom exponent analysis, for MODISAqua, the FMF/SMF comparison shows significant improvement in going from C4 to C5, with the rms-difference reduced from 0.23 to 0.16. However, both the Terra and Aqua C5 retrievals of FMF show a consistent high-bias when compared to the suborbital SMF results.
Conclusions
In this paper we compare AATS retrievals of spectral aerosol optical depth (AOD) and derived aerosol properties with corresponding spatially coincident and temporally nearcoincident measurements acquired by the MODIS-Aqua and MODIS-Terra satellite sensors. These comparisons are carried out for the older MODIS Collection 4 (C4) and the new Collection 5 (C5) data set, the latter representing a reprocessing of the entire MODIS data set completed during 2006. They allow us a direct, validated assessment of the differences between select MODIS C4 and C5 aerosol retrievals. Our analyses indicate notable differences between MODIS C4 and C5. For MODIS-Terra, we find an average increase in AOD of 0.02 at 553 nm and 0.01 or less at the SWIR wavelengths. The change from C4 to C5 results in less good agreement to the AATS derived visible AOD, with average differences at 553 nm increasing from 0.03 to 0.05. For MODIS-Aqua, we find an average increase in AOD of 0.008 at 553 nm, but an increase of nearly 0.02 at the SWIR wavelengths. The change from C4 to C5 results in slightly less good agreement with the AATS derived spectral AOD, with average differences at 553 nm increasing from 0.03 to 0.04. However, at SWIR wavelengths, the changes from C4 to C5 result in improved agreement between MODIS and AATS, with the average differences at 2119 nm decreasing from −0.02 to −0.003. Our findings generally agree with the results presented by Remer et al. (2008) , who found a mean increase in MODIS-Terra over-ocean AOD at 550 nm of 0.015 between C4 and C5 and no significant differences for MODIS-Aqua over-ocean AOD, although our results indicate even larger differences between MODIS-Terra C4 and C5 AOD.
We note that our previous work (Redemann et al., 2006 ) with MODIS-Aqua AOD retrievals at SWIR wavelengths had indicated notable underestimates of MODIS AOD when compared to AATS measurements and that the increase in AOD between C4 and C5 found here would have improved the comparisons between AATS and MODIS-Aqua considered in that paper.
Comparing the Angstrom exponents calculated from AOD at 553 nm and 855 nm, we find an increased rms difference from AATS derived Angstrom exponents in going from C4 to C5 for MODIS-Terra. Conversely, we find a decrease in rms difference and hence an improvement for the transition from C4 to C5 in MODIS-Aqua. Combining the AATS retrievals with in situ measurements of size-dependent aerosol extinction, we derive a suborbital measure of the aerosol submicron fraction (SMF) of AOD and compare it to MODIS retrievals of aerosol fine mode fraction (FMF). Our analysis indicates a significant rms-difference between the MODIS-Terra FMF and AATS-derived SMF of 0.17 for both C4 and C5. For MODIS-Aqua, there is a slight improvement in the transition from C4 to C5, with the rms-difference to AATS dropping from 0.23 to 0.16.
The differences in MODIS C4 and C5 AOD in this limited data set can be traced to changes in the mean reflectances that serve as input to the MODIS aerosol retrievals. We investigated possible reasons for these differences by looking for differences in the cloud fractions as derived within the context of the aerosol retrievals for MODIS C4 and C5. Although we found significant differences in the cloud fractions between C4 and C5, we found no correlation between the differences in cloud fractions and the differences in the input reflectances. An extension of the C4-C5 comparisons from the region along the J31 flight track to a larger study region between 18-23 • N and 93-100 • W on each of the J31 flight days supports the findings of significant differences between MODIS C4 and C5, both in terms of reflectances as well as spectral AOD.
